to possess reproductive toxicities and lead to metabolism dysfunction in animals, and causing endocrine disruption and carcinogenic effects in people [6] . In fact, DBP has been listed as an environmental priority pollutant by the United States Environmental Protection Agency, the European Environment Agency, and the Ministry of Environmental Protection of China [7] . In addition, the testing work of this kind of trace micropollutant in water works is not regular [4] . Therefore, a simple, effective, and adaptable changed DBP removal process from drinking source water is urgently needed.
As an emerging micropollutant, DBP can be removed through adsorption and advanced oxidation, such as combined ozonation with ultraviolet irradiation and homogeneous sono-photo-Fenton, etc. [8] [9] . On the other hand, many microorganisms with the ability of degrading DBP have been isolated from different sources, such as Bacillus sp. [10] , Sphingobium sp. [11] , and Camelimonas sp. [12] . A biofilter with granular filter materials has been considered as a viable option for drinking water treatment, allowing for microorganisms in the source water to attach to the media surface [13] . It had been reported that various kinds of emerging organic pollutants could be removed in biofilters, including geosmin [14] , 17β-estradiol [15] , mecoprop, bentazone, glyphosate, p-nitrophenolat [16] , dimethylamine [17] , and carbofuran [18] , etc. Although granular activated carbon (GAC) has been widely used as filter media [14] [15] , its high cost and potential loss during backwashing are hurdles for its direct application in a rapid filter. Obviously, there is a strong need for developing a novel type of mineral adsorbent for biofiltration.
Attapulgite as largely available cheap and safe clay mineral in China has been shown to have good adsorption capacity [19] . In order to further improve the property of attapulgite, granualr attapulgite-activated carbon composite ceramisite (AACCC) was developed in this study and further used as media in biofilter for removing DBP from drinking source water. Therefore, the main objective of this study was to demonstrate the feasibility of using a biofilter packed with AACCC for removing trace-level DBP from micro-polluted drinking source water. The difference of DBP removal efficiency between non-biofilter and biofilter was systematically studied. The reactor operating conditions included adjusting the filtration rates and influent DBP concentrations. The DBP removal rate of different heights in non-biofilter and biofilters was also analyzed. Scanning electron microscopy (SEM) analysis of a different depth's AACCC in biofilter provide insight into the range of conditions conducive to biological DBP removal in surface water treatment plants. A pseudo-first-order kinetic model was used to estimate DBP removal performance in AACCC biofilter. It is expected that this study may offer an alternative for organic micropollutants from source water.
Materials and Methods

Preparation of AACCC
Attapulgite-activated carbon composite ceramisites were made from attapulgite powder (100 mesh) with the addition of 20 wt% of activated carbon powder (100 mesh). These two materials were first mixed thoroughly to obtain granular raw material. The granular raw material was fed to a disc granulator for producing spherical semi-finished ceramisites with the addition of about 5 wt% of 10 wt% sodium silicate solution as adhesive. After which the ceramic particles were dried at 100 ºC for two hours, followed by further drying for 1.5 hours in the furnace with a temperature increase of 5ºC/min to 450ºC. For the next step the finished attapulgite composite ceramisites were cooled to ambient temperature naturally. The load process was done under flow of nitrogen (500 mL/min). Lastly, the AACCC was thoroughly washed with distilled water until a neutral pH was obtained [19] .
Pilot System
The experimental set-up was presented in Fig. 1 A stock DBP solution of 10 g/L was prepared from dibutyl phthalate with 99% of purity (99% purity, C 16 H 22 O 4 , FW: 278.34, AccuStandard Inc, USA) dissolved with methanol. The feed water with different DBP concentrations was prepared from the stock DBP solution by appropriate dilutions. The filter was first fed with the DBP-loaded tap water free of microorganisms to evaluate DBP removal through AACCC adsorption, and the operation lasted for 25 days. The mixed polluted river water and water according to a volumetric ratio of 1:20 was used as the feed water to the AACCC filter operated at 4 m/h for 90 days. This allowed for the growth of microorganisms on the AAACC, after which DBP was added to the mixed water to the AACCC biofilter, which was run for another 35 days. Air-water backwashing was conducted every 3-5 days. Water samples for DBP determination were collected at least 6 h after each backwashing to allow reactor performance to stabilize.
Analytical Methods
AACCC was characterized in terms of pore surface area and the pore size distribution by a mercury porosimeter (Autopore 9500, Micromeritics Instrument, USA). The scanning electron microscope (Quanta 200, Fei Instrument, Holland) was used for observation of biofilm development on the used AACCC.
Solid phase extraction was used to pre-concentrate DBP from the water samples. For this purpose, a solid phase extraction column (HC-C18 SPE, ANPEL Laboratory Technologies (Shanghai) Inc., China) was soaked in methanol for 5 min and quickly rinsed with 5 mL deionized water. 100 mL of water sample was added to the solid phase extraction column at a flow rate of 2 mL/min. Lastly, pre-concentrated DBP was eluted from the solid phase extraction column with 10 mL of methanol at a elution rate of 2 mL/min and was further concentrated to 2 mL using a nitrogen blowing instrument (DC24H, ANPEL Laboratory Technologies (Shanghai) Inc., China). The concentration of DBP was analyzed by a high-performance liquid chromatograph (HPLC, Model LaChrom Elite L-2000, Hitachi Instrument, Japan) using a HITACHI LaChrom C18 (5 μm) 4.6 mm I.D. × 150 mm separation column at 202 nm wavelength. The mobile phase was a mixture of water and methanol (10:90, v/v), and the flow rate was 1.0 mL.min -1 . The injection volume was 10 μL, and column temperature was 30°C. Under this chromatographic condition, baseline separation for DBP could be obtained within 15 min [1] .
Results and Discussion
Characterizing AACCC
The AACCC had a total intrusion volume of 0.48 mL/g, total pore area of 112.2 m 2 /g, and average pore diameter of 19.8 nm, which is much larger than that of GAC. This in turn showed the mesoporous structure of AACCC in the range of 2 nm < d < 50 nm. AACCC has considerable adsorptive capacity due to its high pore areato-intrusion volume [19] . Microbial activity on AACCC extends the adsorption capacity via in situ regeneration of adsorption sites through the biodegradation of previously adsorbed organic matter [20] . The bacteria outside and inside AACCC are conducive to reducing the impact of hydrodynamic shear stress on biofilm cell density and holding stable biodegradation ability [21] . Based on previous research, AACCC is suitable for filtration media of biofilter [19] .
Adsorption of DBP by AACCC Filter
The adsorption capacity of AACCC was examined in the filter fed with DBP-loaded tap water. The filter was operated with the two different influent DBP concentrations of 20 μg/L and 50 μg/L at various filtration velocities of 2, 4, 6, and 8 m/h, corresponding to an empty bed contact time (EBCT) of 24, 12, 8, and 6 min, respectively. After each change in influent concentration or filtration rates, at least 24 h passed through the reactor before effluent water samples were collected from 20, 40, 60, and 80 cm deep sample ports. No change in effluent DO was observed during the AACCC filter operation phase. The DBP concentration profiles against the filter depth are presented in Fig. 2 .
As a typical adsorptive-type filter media reactor, the AACCC filter can effectively remove DBP from source water under these operating conditions. Effluent DBP concentrations appeared to be responding to the changes of filtration rates and influent DBP concentrations from different depths. Their values increased from 6.5, 9. Under all of these four filtration rates, the upper 20 cm AACCC filter layer played a considerable role compared the remaining 60 cm filter layer at the two influent DBP concentrations. It appeared that higher influent concentration gradients of DBP produce higher quality transmission force from fluid to surface and interior of AACCC [19] . Filtration velocities and EBCTs have significant impact on DBP removal at these two influent concentrations. This is because for contaminants at low levels the mass transfer in external film diffusion is often the time-limiting step, as the surface diffusion is often fast [15] .
SEM Observation at Different Depths of AACCC Biofilter
At the latter stage of the second operational period, the average permanganate index and ammonia removal rates of AACCC biofilter were fairly constant at 22-26% and 63-75% under average influent permanganate index and ammonia being 4.2 mg/L and 0.93 mg/L, respectively. According to previous research of biologically activated carbon (BAC), the adsorptive sites of AACCC had eventually become saturated with organic matters in influent and AACCC filter transferred to biofilter gradually. Acclimation with the local water being treated is advantageous as the indigenous bacterial populations will be the ones that are the most efficient in utilizing the mixture of the natural organic molecules present in the water [20] . Results show that colonization caused by microorganisms was observed in the column at different depths. The high surface and reasonable pore size distribution of the AACCC help in the adsorption and attachment of microorganisms. From the SEM, we could see that colonized microorganisms included various bacteria, such as rods, cocci, and filamentous bacteria. Moreover, more microbial colonization occurred at upper depths in the column. This could be due to the matrix concentration variations along the flow path [22] [23] . Interception of the AACCC filter layer also played a key function in the colonized microorganism's distribution in the reactor. The acclimation and more biodegradable organics could cause the variations in microbial populations [24] [25] . The overall bacterial community structure, key biofilmforming bacteria, and potential respiration rate differed between different filter materials used for water treatment, but also exhibited clear changes in the structure with time and space [26] [27] . From SEM at different depths, we could also find that the surface of the AACCC is not totally covered by the biofilm, and that the free areas might still take part in adsorption/desorption processes, leading to an increased flux of pollutants to the biofilm [28] .
DBP Removal in AACCC Biofilters
At biodegradation of the DBP phase, the AACCC biofilter was fed with micro-polluted water containing added 20 μg/L and 50 μg/L DBP with a series of influent filtration velocities of 2, 4, 6, and 8 m/h. After each change in influent concentrations or filtration rates, at least 24 h passed through the reactor before effluent water samples were collected from 20, 40, 60, and 80 cm deep sample ports. Effluent DO saw a significant decrease during the AACCC biofilter operation phase. The different depth effluent DBP concentrations are presented in Fig. 4 .
Compared to the adsorptive AACCC filter, the AACCC biofilter can more effectively remove DBP from source water under these operating conditions. Their effluent concentration values increased from 5.3, 7.8, and 9.2 to 9. The removed DBP of AACCC biofilter under 2 m/h filtration velocity during these two influent concentrations were higher than the AACCC filter at 1.2 μg/L and 1.9 μg/L. This suggested that the potential for DBP removal by drinking water AACCC biofilter would be predominantly through adsorption processes, despite high concentrations of competing organics and nutrients in micro-polluted source water [29] . A large proportion of the DBP removal occurred within the first 20 cm of the columns at different EBCTs and influent DBP concentrations. This is expected since most of the physical-chemical mechanisms and biological activity occurs at the top of the AACCC biofilter.
In fact, microbial presence at different depths of the biofilter can be seen in Fig. 3 , which further contributed to the observed DBP removal in addition to its adsorption by AACCC. Such biological AACCC possesses the function of self-regeneration through biodegradation of adsorbed DBP on AACCC. Moreover, extracellular polymeric substances by the fixed biomass on AACCC may contribute to bioadsorption of DBP [30] . Further study will be designed to look into the respective contributions of biodegradation and adsorption toward the observed DBP removal in the biofilter. 
Modeling DBP Biodegradation
As described above, the biofilter with AACCC offers an efficient and feasible option for DBP removal from micro-polluted source water at various EBCTs, which is common due to fluctuation of the influent flow rate in practice [31] . In fact, it has been well recognized that EBCT has a significant impact on biofilter performance in terms of target contamination removal and microbial community structure [32] .
The target micropollutant concentration is often much lower than that of the primary substrate in micropolluted source water. As such, micropollutants can be utilized as secondary substrates by microorganisms and eventually undergo cometabolism in the biofilters. It has been proposed that micropollutant removal in steady-state biofilters treating micro-polluted source water can be described by a pseudo-first-order kinetic model when the primary substrate is present at a concentration much higher than that of target micropollutants [13] :
C e /C 0 =exp (−k′·EBCT) (1) …where C 0 and C e are influent and effluent micropollutant concentrations (µg/L), EBCT is in min, and k′ is the pseudo-first-order rate constant (min -1 ). The k′ values for the two influent DBP concentrations were determined from Eq. 1 at various EBCTs (Table 1) .
According to Howard et al. [33] , the k′ values can be classified into four categories with regard to biodegradability of target micropollutant: recalcitrant (k′ < 0.022 min ). These guidelines suggest slow biodegradation of DBP at 20 μg/L concentration regardless of the EBCTs studied. However, for 50 μg/L DBP, its degradation behaved like a recalcitrant at the shorter EBCTs of 8 and 6 min, probably due to insufficient reaction time in the biofilter, which was supported by the observed slow degradation at the longer EBCTs of 24 and 12 min. The AACCC drinking water biofilter has the potential to be an effective process for the control of DBP, and a pseudo-first-order kinetic model can serve as a good method for estimating removal performance [13] .
Conclusions
This study showed that the attapulgite-activated carbon composite ceramisite (AACCC) with mesoporous structure and considerable adsorptive capacity can be used as an excellent biofilter media for treating micropolluted source water. It was demonstrated that the performance of the biofilter was better than the adsorptive filter in removing trace-level DBP. The observed removal of DBP in the biofilter packed with AACCC could be attributed to physic-chemical adsorption and biodegradation at a reasonable EBCT. It is reasonable to consider that even in the presence of competing soluble organic matter in micro-polluted source water, the biofilter with AACCC has clearly shown its potential and effectiveness in removing trace-level DBP. The pseudo-first-order kinetic model can serve as a good method for estimating removal performance of DBP using an AACCC biofilter. This study indeed offers a simple and cost-effective option for new waterworks as well as for upgrading existing waterworks if DBP or related trace-level organics need to be handled. Table 1 . k′ values as determined at various EBCTs.
